The main objective of this study was evaluation and mapping of an average rate of phenological changes for example special plant s indicators as a result of climatic changes in Poland.
Introduction
Changes of climate factors like solar radiation, temperature or precipitation are reflected in various physical and biological ecosystems. Plant species which define Polish environment are typical for European lowlands. The most unique is North-eastern part of Poland with biodiversity of wetlands and lowland European primeval forest (Zimny, 1999) .
The main objective of this study was evaluation and mapping of an average rate of phenological changes which exemplify reaction of special plant indicator species to climatic changes in Poland. Correct recognition of the scale of the changes is important for environmental protection and prediction of its further transformations.
Geographic Information Systems (GIS) provide a powerful set of tools for spatial analysis which can be used in many environmental application. In this study GIS was applied to
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Source of data: Phenological and climate data used in this study were obtained from archives of the Institute of Meteorology and Water Management. Analyses covered a period from 1951 to 1992. Phenological observation network consisted then of 69 stations (Fig. 1) . Statistical calculations were performed for selected 25 phenological stations along with the same number of corresponding meteorological stations, which were located nearby.
Materials and methods

Descriptive statistical analysis
Analysis were based on phenological phases proposed by Ihne -14-th of them -typical for Polish environmental conditions (Tomaszewska and Rutkowski, 1999; Meier, 1997) . The relation between mean monthly air temperature, date of phenophases and their changes in time was described with Pearson's linear regression model. Calculations were made 1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 years le a f u n fo ld in g (d a y o f a y e a r ) .
to check to what extend changes in phenological appearance depend on changes of temperature. Statistical significance of the model parameters was checked with Student's t-test at the following levels: 0.05, 0.01 and 0.001.
Phenological phases characterized by significantly decreasing trend, strongly correlated with reverse trend of mean monthly temperature were regarded as good plant indicators. Analysis of slope b coefficient (days/decade) were made to estimate the scale of changes in phenological appearance (advance/delay) in the period of research: 1951-1992.
The changes from ≤−1.6 days/decade (half from the range of average changes) were regarded as important. Analysis of correlation coefficient between phenological data and mean monthly temperature were made in order to check to what extend changes in phenological appearance depend on changes in temperature. It was assumed that correlation coefficients form −1 to −0.5 proved strong dependence on temperature. Analysis of slope b coefficient (days/1
• C) was made to estimate the scale of changes in phenological appearance induced by growth of mean monthly temperature by 1oC. In this case the changes from ≤−1.8 days/1
• C ( half from the range of average changes) were regarded as important.
Geostatistical analysis and mapping
One of the approaches to estimate climate conditions at unsampled locations is spatial interpolation. There are several approaches available to create continuous surfaces from spatial sample data. Unlike deterministic methods (e.g. Inverse Distance Weighting (IDW) or Splines), geostatistical methods use a stochastic approach and a model of the spatial variation of properties (Schröder et al., 2006) . Geostatistics assumes that measurements lying closer together are more related to each other than those farther apart.
All spatial interpolation methods require relatively dense network of base stations representing various topographical and geographical conditions (Hunter and Meentemeyer, 2005) . This condition was partially met in the study as the phenological stations are more or less evenly spread out across Poland. On the other hand only four of them were typically mountainous stations (located 500 m a.s.l. or higher).
Geostatistical analysis of the phenological data and mapping procedures were carried out within GIS environment. The GIS (Geographic Information Systems) have recently become a very significant and rapidly developing tool, which has a growing importance in many environmental applications, including meteorology and climatology (Dobesch et al., 2001) . In this study ArcGIS 9.2/9.3 with Geostatistical Analyst were used: to examine the data, to select adequate interpolator, to create prediction maps and to assess the accuracy of interpolation.
The geostatistical analysis of the data was performed taking into account specific nature of phenological data which is obtained during subjective observations and is highly dependent on local environmental conditions.
It was decided to exclude from the analysis the four stations elevated higher than 500 m a.s.l. because only four of them were not enough to model spatial distribution of phenological data in mountainous regions even when applying "elevation" (height above sea level) as additional (explanatory) variable. Furthermore only the data which fell within the range of two standard deviations (+/−) from the mean value were taken into account during interpolation. The outstanding data were taken as "uncertain extremes", which are probably erroneous.
In this study ordinary kriging interpolation method with spherical semivariogram model was chosen as it is the simplest stochastic interpolator and remarkably flexible method, which gives relatively good results. All kriging interpolators minimise the estimation variance and rely on weighted averaging of the measured values within the autocorrelation range (Olea, 1999) .
Accuracy of the kriging estimations was assessed by calculating standard prediction errors (ArcGIS 9, Using ArcGIS Geostatistical Analyst). Obtained values of Root Mean Square Error (RMSE) and Root Mean Square Standardized Error(RMSSE) are presented in Table 1 . Assessments of RMSSE very close to 1 proved satisfactory interpolation results. 
Spring phases
Results
Multi-year analysis clearly showed tendency to earlier onset of spring events (Table 2 ., Figs. 2, 3) . The biggest average advance of phenological events was observed in case of three phases:
-flowering of Corylus avellana -advance by −2.4 days/decade and −2.6 days/1 • C with correlation coefficient with temperature −0.7, -leaves unfolding of Betula pendula Roth. -advance by −1.9 days/decade and −3 days/1 • C) with correlation coefficient with temperature −0.5 -flowering of Robinia pseudoacacia -advance by −2.7 days/decade and −2.7 days/1 • C with correlation coefficient with temperature −0.5.
The response of autumn phenophases was ambiguous. Slight mean advance of birch leaves coloring by −0.2 days/1
• C, not significantly correlated with air temperature 1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 years le a f u n fo ld in g (d a y o f a y e a r ) Fig. 2 . Trend of leaf unfolding date of silver birch date at a selected station(1951-9 0.01). was observed as opposed to leaves falling which was delayed 0.6 days/1
• C (Table 2) . Achieved results are very similar to the research done in different European countries (Menzel et al., 2006) . Differences between the phase onset dates in Germany and Slovakia can be found especially for early spring. The onset dates are sooner and the year-to-year variability is higher in Germany comparing to Slovakia (Bissolli et al., 2005) .
We were looking for the best visualization method of the scale of phenological changes in Poland. Created maps reflect advance of spring events -high dynamic of average rate of changes all over the Poland (similar tendency in most regions) (Figs. 5a, 6a -leaves' unfolding advance is from −2 to −1 days/decade and from −3.5 to −2.5 days/1
• C in major area).
Diversified response of autumn phenophases was also identified in the maps. (one region -advance, another -delay) (Fig. 6b . Dynamic of average rate of changes was lowleaves' falling changes from 0 to 1 days/1
• C in almost entire country, mainly in central Poland with phenophase delayed in the north-east and slight advance in the north-west and the South-east).
Created maps present spatial distribution of phenological parameters for the whole country not taking into account any influence of mountainous areas (h≥500 m a.s.l) which were hatch-patterned in the maps. 
Conclusions
Geographical Information Systems (GIS) and geostatistics used in this study are valuable tools for an objective analysis of the phenological data to determine optimal interpolation method. GIS made it possible to analyse spatial distribution of average rate of phenological changes in Poland and to create reliable phenological maps. Phases with significant changes and those without any direct tendency are very clearly seen on the maps. The advance of phenological phases, especially in spring season was significantly correlated with air temperature of the preceding month. Creation of maps is necessary to perform successful spatial analysis of phenological data and helps in better understanding of average rate of phenophase changes. Kriging seems to be the appropriate interpolation method to explain spatial distribution of phenological phase's appearance time and the average tendency for each phenophase. Much denser phenological station network in the mountains would be needed in order to examine influence of mountains on spatial distribution of phenological data.
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